The strong interaction puzzle and nuclear physics 
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Nuclei are held together by the "strong interaction", which, at the microscopic 
level, is a strongly attractive short range force between quark constituents of matter, 
mediated by the exchange of virtual particles called "gluons". The strong interaction 
theory is known as "quantum chromodynamics" or QCD. 

QCD has the property that the potential energy between a pair of quarks increases as 
their separation increases - this leads to the property of "confinement" - isolated quarks 
are never observed in nature, but only their bound states, eg protons, neutrons 
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Figure 2.7. Fields of color. 
Lattice QCD has confirmed 
the existence of flux tubes 
between distant, static mas- 
sive charges (left). The con- 
stant-thickness flux tube 
between the two quarks 
leads to a potential that 
rises linearly as a function 
of separation (right). 


from “Opportunities in Nuclear Science", US - DOE Long Range Plan, April, 2002 


Comparison: Coulomb and interquark potentials 
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continued... 
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• While there exists an "exact" theory of QCD, it is unfortunately too complicated to 
solve for the properties of its bound states, not even the basic proton and neutron, 
although progress is steadily being made with large scale numerical simulations 

• Despite decades of effort, nobody has yet succeeded at deriving the nuclear force 
from QCD, so nuclei are described by phenomenological models and an effective theory, 
guided by experimental data. 


Comment - 

The nuclear force is much weaker than QCb — after all, free protons and 
neutrons exist, while free quarks do not — 

it must arise from QCb as a "residual force" similar to the weak binding of 
molecules (van der Waa/s force) compared to the relatively strong binding of 
electrons in atoms (Coulomb potential). 


Despite the lack of a "fundamental", solvable theory, nuclear models have been 
remarkably successf ul at describing the structure and properties of many stable and 
unstable nuclei, including an amazing range of nuclear excitation phenomena, as we will 
see in the lectures ahead. 


Fundamental interactions in nuclei (2 protons, 1 fm apart) 


1. Strong interaction (QCD) 

scale: 1 

- responsible for nuclear binding 


- alpha decay, nuclear f ission and fusion processes 

2. Electromagnetic interaction 

scale: 0.01 

- correction to binding energies, 

N>Z for heavy nuclei 

- gamma decay of excited states 


3. Weak interaction 

scale: 0.0000001 

- nuclear beta decay 


- mirror symmetry violation 


4. Gravitational interaction 

scale: 10 -36 

- forget it! 
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16.451 Introduction to Nuclear Physics Lecture 2: The Proton 1 


Citation: S. Eidelman et a/. (Particle Data Group). Phys. Lett. B 592. 1 (2004) (URL: http://pdg.lbl.gov) 


□ 


Particle Data 
Group - referees 
a compendium of 
credible data 
in nuclear and 
particle physics 
(revised annually) 


N BARYONS 
(S = 0. / = 1/2) 

p, N+ = uud\ n, /V° — udd 


hj p ) = m+) 

Mass m = 1.00727646688 ± 0.00000000013 u 
Mass m = 938.27203 ± 0.00008 MeV M 
| m p - mp\/m p < 1.0 x 10 -8 , CL = 90% ^ 
j^|/(^) = 0.99999999991 ± 0.00000000009 
| q p + qp\/e < 1.0 x 10~ 8 , CL = 90% M 

\dp + 9e|/e < 1-0 x 10 -21 W 

Magnetic moment p = 2.792847351 ± 0.000000028 p/v 
(/* p + Pp)/p p = (-2.6±2.9)xl0- 3 
Electric dipole moment t/ < 0.54 x 10 -23 ecm 
Electric polarizability a = (12.0 ± 0.6) x 10 -4 fm 3 
Magnetic polarizability (3 = (1.9 ± 0.5) x 10 -4 fm 3 
Charge radius = 0.870 ± 0.008 fm 

Mean life r > 2.1 x 10 29 years, CL = 90% (p — » invisible mode) 

Mean life r > 10 31 to 10 33 years M (mode dependent) 

/ 

n.b. age of the universe? approx. 10 10 yr. 
See http://www.astro.uclQ.edu/~wriqht/Qqe.html 
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Properties of the proton: 6 


Intrinsic spin: S = \ (fermion) (listed as J in the table) 

important consequence: Pauli exclusion principle - no two 
identical fermions can occupy the same quantum state. 

Intrinsic parity: 7i = + (listed as P in the table) 

symmetry of the intrinsic wave function for + parity: 

H~r) = + Hr) 

Mass: m = 1.67 x 10 27 kg y or rest energy me 2 = 938.3 MeV 

lighter than the neutron - the only stable 3-quark system 
• precision mass measurement: Am/m ~ 10 10 !!!! 
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Precision mass measurements: Penning Trap technique 1 



The Nobel Prize in Physics 1989 


Hans Dehmelt Wolfgang Paul 

University of Washington Universitat Bonn 



for the development of the ion trap technique 

http://www.nobel.se/physics/laureates/1989/illpres/ 


Norman F. Ramsay 

Harvard University 

for invention of the separated 
oscillatory fields method 
and its use in the hydrogen 
maser and other atomic clocks 


Mlso precision magnetic moment measurements, especially for the electron - more later! 


Basic idea. Ref: Brown & Gabrielse, Rev. Mod. Phys. 58, 1986 p. 233 4 

Geonium theory: Physics of a single electron or ion in a Penning trap 

Lowell S. Brown and Gerald Gabrielse 

Department of Physics, FM-15, University of Washington, Seattle, Washington 98195 

A single charged particle in a Penning trap is a bound system that rivals the hydrogen atom in its simplicity 
and provides similar opportunities to calculate and measure physical quantities at very high precision. We 
review the theory of this bound system, beginning with the simple first-order orbits and progressively deal- 
ing with small corrections which must be considered owing to the experimental precision that is being 
achieved. Much of the discussion will also be useful for experiments with more particles in the trap, and 
several of the mathematical techniques have a wider applicability. 

• confinement in electric and magnetic fields leads to motion in characteristic orbits 

(orbits are quantized - hence the analogy to atomic systems) 

• oscillation frequency is proportional to (e/m) ratio for the charged particle 

• resonant electrical signal from exciting quantized oscillations can be detected 

by an external circuit 

• linewidth must be very narrow to achieve high precision — some tricks: 

- very stable B field (superconducting magnet) 

- carefully constructed and tuned or "compensated" electrode structure 

- cooling of electronics to liquid He temperature for low noise 

• comparison of signals for reference and to-be-measured particle for calibration 
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Basic Penning Trap Configuration: 
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• uniform, axial B field (superconducting solenoid) plus quadrupole E field: 



FIG. 6. Axially symmetric electrodes are used to produce a 
quadrupole potential of the form given by Eq. (2.2). The dashed 
lines represent the cones that are the asymptotes of the hyperbo- 
las of revolution. 



• particles orbit around B field at cyclotron f requency, co c = eB/m; radius given by energy. 

• vertical confinement due to E; axial oscillations about horizontal midplane of trap 


Motion analysis: 





1 

UJ 


{2d 2 ) 


p + pxB 


■ col z 


• cylindrical coordinates: (pAz); 

• B = constant along z 

• radial (p) and axial (z) electric field 


Lorentz force : F = q (e + vx b) 




A superposition of three motions for a given particle energy near the center of the trap: 

“modified cyclotron" 

1. circular orbits around the magnetic field at the cyclotron f requency oo c ' = eB/m - co m 

2. vertical oscillations (along z) at the axial f requency co z 

3. slow circular orbits in the horizontal plane at the magnetron frequency co m = co z 2 / 2 co c 
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Particle Orbits: 
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Important point: energy is quantized in units of hco for the various types of particle motion. 
Hence, the trapped particle has an energy level structure that can be probed by emission 
and absorption of photons -just like an atom! 



FIG, 3. Orbit of a charged particle in a Penning; trap. The 
dashed line is the large and slow magnetron circle component of 
the motion. This* added to the axial oscillation* produces the 
guiding-center motion shown by the solid line. The total motion 
is given by adding the fast but small cyclotron circular motion 
about this moving guiding center. 


Detection schemes: 
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Examples from early paper on proton/electron mass ratio: Phys. Rev. Lett. 47, 395 (1981) 

— precision was already so high that there is a correction required to account for the number of 
particles in the trap! (Am/m correction to m p /m e = -1.2 x 10 10 / particle; for one species, -2.2 x lCK ) 
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Typical parameter values 
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TABLE II. Trapping parameters for a proton. The numerical values are for one version of the 
electron-proton mass ratio experiment (Van Dyck and Schwinberg, 1981). The measured axial frequen- 
cy is only approximately related to the trap potential and trap size of Eq. (2.7) because of electrostatic 
effects discussed in Sec. IX. 

External parameters 

Trap potential K 0 = 53. 10 V 

Trap sizes d =z 0 =p 0 /V / 2=0 . 1 12 cm 

Field strength 5=50.50 kG 

Measured eigenfrequencies and energy-level spacings 

Cyclotron v‘ e =76.34 MHz fta>' c =3. 157x 10“ 7 eV 

Axial v, = 10.06 MHz *a t =4.160x 10"* eV 

Magnetron v m = 662. 8 kHz =2.741 X 10" 9 eV 


Estimated damping widths (Secs. III.A and III.E) 


Cyclotron 

y e /2irss 10~ 3 Hz 


(coupling to external circuit) 

Axial 

y f /2ir«l0- 3 Hz 


(coupling to external circuit) 

Magnetron 

Ym w unmeasurably small 


Rev. Mod. Phys., VoL 58. No. 1. January 1986 

N.B. How to access electronic journals: http://umanitoba.ca/libraries/online/eiournals/ 


Volume; 92. Number L9 


PHYSICAL REVIEW LETTERS 


wKk imUiau 
14 M AY 
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Precise Mass Measurement of^Se* a Waiting- Point Nuclide along the rp Process 

J. A Clark/' 2 G. SaVait J. 3 K.5. Sharnia/ J. Vt/T 2 J.C. Wang/' * Z. Zhou. 2 A Heinz, 1 * B. Blank. 3 J H Buchillgur/ 
i. F- Crawford/ s. Gulick/ J. K. P l ee/ A. F Levand, 0. Sewerynlalc/ G. 0. Sprouse/ and W. Trimble 2 
'Pffmrlfflefll qf Physics and Aslnmimiv. Uniimity af Manitoba* IVi mtififfl. Mwtiitdw RST 2 M2. Cur unfa 
t Ph}df . i Phhim. Ar^tmnc Muiioimi Lufam ilvry, Aijiimiw. if lint in &Q4J9* USA 
HVrighl Nuclear Slftfrlfiir Luimrta0r\\ Vrrfa Ufthvrxily, \'m- Ifu w r n, C in twclirut Ik'tMif, USA 
4 {\wfrt' ii'EtUiffi A'urifuim de Hnnk'tun-litedi&Htn . F-,lAf7$ finidigmin fanfar. France 
*Deffdrtmetit of Ftryshs. McGifi University, Montreal, Quebec MSA 2/7 f, Canailu 
* Ptty ties tiepartm'irt. SUMY. Sumy Bnwk University Stony tttvuk. Ne w YArk !i?v4. U SA 
(Re coned 26 November 2003; published IJJ^t-inniJI 

Mjss nte^uiCnlvMs of ^Ge, ^As, ;inid have been uhlrffned wilh the Cjn:idi;ni Penning Trap 
mass spectrometer. The results detenu tin? the mass excess qf **Se as -542321 19 1 keV. Lhe lirsl J 
measurement with a precision and reliability suflk'iem to addre**4hejLg tit-curve and energy oulcjj^^ 
of x*r jy Hu rMs as viv Hast lie alhvnda nvv* of (he elqittltl * synl Uuwdfi. LjjJli Uplul umiljlJUIIft llkuUir 
x-ray IhwMh, <*&! is found Ui euuse a ijgiiiAL'iin^lelay in l lit.- iji process Kudcosyirthews. 


SM/ 


/ M 


2x10” 


Manitoba connection: Sharma, Clark, Vaz, Wang ... 

• Dr. Sharma is the leader of the Canadian Penning 
Trap Mass Spectrometer (CPTMS) group, currently 
making mass measurements of selected unstable 

nuclei which play an important role in determining reaction 
rates important in stellar nucleosynthesis. 

• Experiments are carried out at Argonne National Lab's 
"ATLAS" facility: http ://www.phy. anl . go v/atlas/index.html 
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Precision Mass Spectroscopy of the Antiproton and Proton 
Using Simultaneously Trapped Particles 

G. Gabrielse, A. Khabbaz. and D. S. Hall* 

Department of Physics, Harvard University, Cambridge, Massachusetts 02138 

C. Heimann and H. Kalinowsky 

Institut fur Strahlen- and Kernphvsik, University of Bonn. 53115 Bonn, Germany 

W. Jhe 

Department of Physics, Seoul National University, 151-742 Seoul, Korea 
(Received 10 November 1998) 

This last of a series of three measurements improves the comparison of antiproton (/>) and proton 
(p) by almost a factor of 10 6 over earlier exotic atom measurements, and is the most precise CPT test 
with baryons by a similar large factor. Measuring the cyclotron frequencies of a simultaneously trapped 
p and H~ ion establishes that the ratio of q/m for p and p is —0.999 999 999 91 ± 0.000 000 00009. 
more than 10 times the accuracy over our previous measurement. This 9 X 10" 11 comparison makes 
the first use of simultaneously trapped particles for sub-ppb spectroscopy. [S003 1-9007(99)08869-9] 
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State of the art today: 

precise proton-antiproton 
mass comparison to test 
matter/antimatter symmetry. 


Antihydrogen experiments at CERN: 


main goal is trapping for both antiprotons and positrons to encourage atom 
formation - use a cylindrical Penning trap: 



V 4 V 3 V 2 V\ V 2 Vy v 4 



potential minimum traps antiprotons - maximum traps positrons... 
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Big news: Sept. 2002 


website: 

http://QthenQ.web.cern.ch/athenQ/ 


advance online publication 


Production and detection of 
cold antihydrogen atoms 


M. AmorettT, C, tonster , fi, B worn! A. Bouchta , P. Bowel, 

C. Carrara', C, L Cesar*, M. Charlton- , M. J, T. Collier- , M, Ooser „ 

V. Filin phi I , Hi S. Fine , A. Fontana , M, C.F^hml , 

ft. Pmuhoslii: | P. fionow , JL 5. Haujsf , R, 5. Hayano 1 1, 

M. H. Holzschetter , L, I. Jorgensen-, v. Laflomarsmo' , R. tondua ■ , 

D. LMotiif*, E. Lodi R Iff , M Maori , m. Madsen , R. Manurin' , 

M.Mjirc*i«fltll , P. Montagna ",H. Pruys , G. Rerjenhus ,P. Rledler , 
JL Rochet --, A. Ftotondl ", S, Rouleau ; --, G. Testera", A. Variola', 

ir. L. Watson - * D, P. van Her Wetl- 


W Hu r Auiu iidint pubiu Ima IMDPI NOuk piptr ihuuld h dt«d u 

Vitffcof {*) Ntfute <J«n» mlinf (vuUirjIun. Ifl SfplNnb<f ffld! 
(ibh]ft.lO)Vii4iir^LClH; ‘ Oiw fir pnf vwn lidmlinl m tkrW] lj 
Cd jiuMBlwd, dir rdnluxi hftrarn "AuM ■) h'murr idiinr, pylpr): 

C Khwc culm puUnliDii. IS Ikptemtar Mffi (dpizICL [O^iulurcOJOSftr 


These first results showed that 
antihydrogen atoms were indeed 
produced in signif icant quantities, but 
after that, the neutral atoms just 
floated to the walls of the trap, where 
they annihilated with normal atoms and 
their decay products were observed in a 
sensitive detector. 


Figure 1 Central part of the ATHENA apparatus and trapping potential, a, Schematic 
diagram, in axial section, of the ATHENA mixing trap and antihydrogen detector. The 
cylindrical electrodes and the position of the positron cloud (blue ellipse) are shown. A 
typical antihydrogen annihilation into three charged pions and two back-to-back 51 1 -keV 
photons is also shown. The arrow indicates the direction of the magnetic field. The 
detector active volume is 16 cm long and has inner and outer diameters of 7.5 cm and 
14 cm, respectively 





qaadropok winding mirror coil* 

U = — j l - B Well depth - B.7 K/T 

Magnetic bottle idea - the magnetic moment of the anti-hydrogen atom interacts with an imposed 
magnetic field. Atoms with their spin in the right direction are trapped by the magnetic "walls" (not 
enough energy to overcome the magnetic force), while those in the other direction can escape. The 
magnetic "bottle" has to be created in the same region of space as the Penning trap which brings the 
components together, without disturbing the functioning of the main Penning trap. A magnetic 
quadrupole field is the simplest one to try, but the alpha collaboration has already realized that a 
higher multipolarity field (e.g. octupole will probably be needed to make this work in practice.) 
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